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Figure 5. HST mineral map over Virginia City (top). The five 2 
regions mapped are distinguished by their dominant ie 

mineraiogy and noted in the legend. HST spectra from 
representative field sites (8a, 9a, 9b, and I l a  - marked with 

side (foot wall) of the Comstock fault. Pods of acid-sulfate alteration (alunitic, alsic, and kaolinitic zones) 
occur on the east side (hanging wall) of the Comstock fault around the Virginia City town site. Also, an 
acid-sulfate alteration zone (alsic + kaolinitic) is mapped in the hanging wall of the Occidental fault. The 
areas mapped as "bleached" on the original geologic map generally do not include rocks that are 
propylitically altered. For example, the Davidson diorite (Td) ranges from relatively unaltered to 
propylitic and illitic/sericitic alteration in some areas. Other propylitic zones occur along the Comstock 
and Occidental faults. Hudson (2003) differentiates three different types of propylitic alteration based on 

triangles on map) are color coordinated to the map legend. .. , 
The spatial resolution for the HST image is 2.5 m. 
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Figure 6. Mineral map of the Cornstock district around Virginia City showing the regional-scale distribution of 
hydrothermal alteration mineral assemblages, The colored lines and polygons are overlain on a gray scale 
DOQ image. 



the relative abundance of epidote, calcite, and albite in the assemblage. Although these minerals were 
identified by XRD and laboratory spectroscopy, the remote mineral maps classify all propylitic alteration 
together. The centrality of the Davidson diorite intrusive to intensely altered areas implicates this 
intrusive body as a heat source (and possibly fluid source) for hydrothermal fluid flow during this time. 
Geochemical data from these rocks support this assumption, but there may have been other acid-sulfate 
systems associated with later emplacement of small intrusions and dikes associated with Kate Peak 
volcanism (Vikre, 1998; Castor et al., 2002; Vikre et al., 2003; Hudson, 2003). In the mineral map it is 
clear that the widespread propylitic alteration is found in the foot wall blocks of the Comstock and 
Occidental fault zones, and also proximal to these structures along which mineralized adulslria-sericite 
veins are found. The pervasive acid-sulfate alteration zones, found in the hanging wall blocks, were cut 
by these younger s&tures. This is consistent with new radiometric dates from alteration minerals 
indicate that the acid-sulfate alteration zones pre-date ore-grade mineralization along the Comstock and 
Occidental faults by -1 -2 million years, and bear only incidental spatial relationship to the ore veins 
(Vikre et al., 1988; Vikre, 1998; Castor et al., 2002; Hudson, 2003). 

Figure 7 is a subset of the Comstock region showing the distribution of alteration mineral zones 
mapped by HST data on a smaller scale. The rocks here are mostly hydrothermally altered andesite of the 
Alta Formation (Ta), with one small Kate Peak intrusive plug (Tk) in the southeast part of the image. 
Several small outcrops of alunitic alteration are mapped (dark blue). These quartz + alunite assemblages 
are more resistant to erosion and commonly form topographic ridges and small pinnacles (see upper 
photograph). There are also 
small resistant pinnacles that are 
composed of dominantly quartz + 
kzolinite (see lower phtog8phj 
that look very similar. Some of 
the alunitic zones appear to 
follow -northeast-southwest 
structures, which have not been 
mapped previously. In agreement 
with the model of Hudson (1 987), 
the alunitic zones (blue) grade 
outward into kaolinitic zones 
(magenta), and then into 
illitic/sericitic zones (cyan); also, 
alsic zones rich in pyrophyllite 
(yellow) grade into kaolinitic and 
illitic/sericitic zones. 

5.2. Seconda.~ Weathering 
Minerals on Mine Dumps 

Figure 8 is a mineral map 
of the Virginia City area showing 
the distribution of mine dumps, 
and some open pit exposures. 
Jarosite (orange), mapped 
primarily by the HST data, is 
indicative of conditions with pH 
<3 (Montero et al., 2004). Other 
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hydrous sulfate minerals Site 20d: resistant quartz-kaolinite outcrop. 

(hexahydrite, alunogen and Figure 7. Mineral map of an area within Virginia City showing the small-scale 
gypsum) were mapped in the distribution of hydrothermal alteration mineral assemblages. 



field and occur as hard, white 
crusts precipitating in small 
depressions on top of some of the 
dumps. The presence of hydrous 
Ca-Mg-A1 sulfate salts on the 
surface is indicative of pH values 
between 3 and 5 (C. Alpers pers. 
comm., 2004). On one dump 
where both jarosite and 
hexahydrite had been identified, a 
pH of 3.5 was measured in a small 
puddle formed after a recent rain 
storm. On the edges of the puddle, 
a white sulfate crust of hexahydrite 
was beginning to precipitate. This 
field measurement is in agreement 
with the range of pH values 
predicted based on the mapped 
surface mineralogy. 

Jarosite is considered to be 
the most important mineral to map 
to locate potential sources of acid 
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goethite and hematite away from 
oxidizing Fe-sulfide-rich waste 
rock piles that has been observed 
by others (Montero et al., 2004; 
Swayze et al., 2000) is of 
secondary importance because 
these minerals can be found in 
many other environments and are 
not necessarily indicative of acid 
drainage potential. For example, 
the soils and hydrothermally 
altered volcanic rocks in the 
surrounding area contain hematite and goethite nearly ubiquitously. The distribution of jarosite on the 
flanks of the mine dumps and the lack of distal jarosite deposits indicate that acidic waters are confined to 
the dump environment and not found down stream. 

6. Summary and Conclusions 

6. I .  Weathering and Alteration Mineral Maps 

All of the significant base and precious metal deposits in the Virginia Range are located within, 
or proximal to, acid-sulfate alteration zones in Miocene volcanic rocks (Vikre, 1998). The Comstock 
region however, appears to be unique. Over a period of -6 million years multiple episodes of magmatic 
activity were accompanied by, or followed by, different types of hydrothermal alteration and 
mineralization. The mineral maps show the distribution of these large alteration zones from which 
relative timing can be inferred. The maps also show small-scale zoning of alteration minerals. Of 
particular importance is alunite, which, 1) is an indicator of acid-sulfate systems, 2) tends to delineate 
structures, and 3) is a hydrous K-bearing sulfate mineral that can be analyzed by a number of geochemical 



methods to provide information about the geochemical and temperature environment, and timing of 
hydrothermal activity. 

Of the approximately 0.35 lan2 of tailings piles in Virginia City that were mapped, about 30% of 
that area contained jarosite mineralization on the surface and an estimated 5% contained water-soluble 
Mg-, Al- and Ca-sulfate salt deposits. Although no known reports of acid mine drainage problems from 
the town site have been published, there are clearly acid-generating source materials dispersed around the 
town site and acidic surface water has been observed after short rainfall events. The acidic source areas 
identified in this study could serve in future reclamation efforts should acid mine drainage become a 
serious problem. 

6.2. Remote Sensing 

The zonation of hydrothermal alteration minerals commonly observed in the field was also 
evident in the spectral mineral mapping at both large (AVlRIS) and small (HST) scales. The high- 
altitude A W S  data were better for looking at the Comstock alteration zones on a district-wide scale 
(10x10 km), while the high-spatial resolution HST data mapped some smaller alunite veins in structural 
orientations not previously recognized, and was more effective than the 18-m AVlRIS data for the 
detaiied mapping of secondary weathering minerals on the mine dumps. It is important to note that the 
hydrous sulfate salts on the mine dumps were identified in the field and not by remote VNIRISWIR 
imaging spectroscopy, and the unique identification of jarosite is sometimes ambiguous due to its mixture 
with other minerals like muscovite. The fact that HST mapped more jarosite occurrences than AVlRIS is 
purely a function of the higher spatial resolution. Even though the estimated SNR for the HST data is 
lower than for AVIRIS, it was still sufficient to uniquely map the important weathering and alteration 
minerals in this area. 

Since HST data were acquired as a series of overlapping frames, one of the challenges to working 
with the HST data was the lack of geo-coding information and the need to correct and process each HST 
frame separately to avoid spectral analysis of re-sampled pixels. Mineral map data products were then 
warped to a 1-m resolution USGS digital orthophoto quad by choosing 30-50 ground control points per 
frame, and then stitched together. The lack of geo-coding information is unique to this initial 2002 data 
set, however, and recent improvements to the HST instrument and data products have addressed some 
these challenges (see http://www.spectir.com). Both high- and low-altitude airborne imaging 
spectrometer data should continue to occupy distinct and complementary niches for geoscience remote 
sensing applications. 
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